Spin-labeled multi-modal probes based on upconversion nanoparticles by 许婷
 
学校编码：10384 分类号  密级   
学 号：20520111151654 UDC   
 
 









指导教师姓名：     郭祥群    教授 
专 业  名 称：     分  析  化  学 
论文提交日期：     2014 年  5  月 
论文答辩日期：     2014 年  5  月 
学位授予日期：      
 
 
答辩委员会主席：          
评    阅    人：          
 
 
























in Partial Fulfillment of the Requirements for the Degree of 





Supervisor: Prof. Xiangqun Guo 
 
 





















另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的




































（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 







                             声明人（签名）： 
















目录 ............................................................................................................. I 
Table of Contents ................................................................................... VI 
摘要 .......................................................................................................... XI 
Abstract ................................................................................................ XIII 
第一章 绪论 .............................................................................................. 1 
1.1 稀土上转换发光 ............................................................................................ 1 
1.1.1 稀土上转换发光纳米材料简介.......................................................... 1 
1.1.2 稀土离子上转换发光机制.................................................................. 2 
1.1.2.1 激发态吸收............................................................................... 2 
1.1.2.2 能量传递上转换........................................................................ 3 
1.1.2.3 光子雪崩.................................................................................... 3 
1.1.3 上转换发光材料掺杂离子和基质材料的选择.................................. 4 
1.2 UCNPs 的制备方法 ........................................................................................ 7 
1.2.1 共沉淀法.............................................................................................. 9 
1.2.2 高温热裂解法.................................................................................... 10 
1.2.3 水（溶剂）热法................................................................................ 12 
1.2.4 溶胶-凝胶法 ...................................................................................... 13 
1.2.5 燃烧法................................................................................................ 14 
1.2.6 离子热法............................................................................................ 14 
1.2.7 微波辅助合成法................................................................................ 14 
1.3 UCNPs 的表面修饰方法 .............................................................................. 16 
1.3.1 表面配体交换法................................................................................ 18 
1.3.2 表面配体氧化法................................................................................ 19 
1.3.3 聚合物包覆法.................................................................................... 21 















1.3.5 二氧化硅包覆法................................................................................ 23 
1.4 UCNPs 的应用 .............................................................................................. 26 
1.4.1 生物传感............................................................................................ 26 
1.4.1.1 检测化学离子......................................................................... 27 
1.4.1.2 检测生物分子......................................................................... 29 
1.4.1.3 检测气体分子......................................................................... 31 
1.4.2 疾病治疗............................................................................................ 32 
1.4.2.1 光动力治疗............................................................................. 32 
1.4.2.2 光热治疗................................................................................. 33 
1.4.2.3 药物运载................................................................................. 34 
1.5 UCNPs 与多模式成像 .................................................................................. 35 
1.5.1 UCL/MRI 多模式成像 ....................................................................... 37 
1.5.2 UCL/PET 多模式成像 ....................................................................... 39 
1.5.3 UCL/MRI/PET 多模式成像 ............................................................... 40 
1.5.4 顺磁标记荧光探针的简介................................................................ 41 
1.5.4.1 有机荧光染料-氮氧自由基复合物 ........................................ 43 
1.5.4.2 稀土络合物-氮氧自由基复合物 ........................................... 44 
1.5.4.3 共轭聚合物-氮氧自由基复合物 ........................................... 44 
1.5.4.4 荧光纳米材料-氮氧自由基复合物 ....................................... 45 
1.6 论文设想 ...................................................................................................... 46 
第二章 β-NaYF4:Yb,Er/Tm 上转换发光纳米材料的制备 ................. 48 
2.1 前言 .............................................................................................................. 48 
2.2 试剂、仪器、实验方法 ............................................................................... 48 
2.2.1 试剂.................................................................................................... 48 
2.2.2 仪器.................................................................................................... 49 
2.2.3 实验方法............................................................................................ 50 
2.2.3.1 β-NaYF4:Yb,Er UCNPs 的制备 .............................................. 50 
2.2.3.2 考察表面配体 OA 用量和加热时间对 UCNPs 制备的影响 51 















2.3 结果和讨论 .................................................................................................. 51 
2.3.1 溶剂热法制备 UCNPs ...................................................................... 51 
2.3.2 UCNPs 的性质表征 ........................................................................... 53 
2.3.2.1 尺寸形貌和晶相的表征......................................................... 53 
2.3.2.2 光谱性质................................................................................. 56 
2.3.2.3 FT-IR 和 TGA 表征 ................................................................. 59 
2.4 本章小结 ...................................................................................................... 60 
第三章 二氧化硅包覆 UCNPs 多模式探针的研究 ............................. 61 
3.1 前言 .............................................................................................................. 61 
3.2 试剂、仪器、实验方法 .............................................................................. 63 
3.2.1 试剂.................................................................................................... 63 
3.2.2 仪器.................................................................................................... 64 
3.2.3 实验方法............................................................................................ 64 
3.2.3.1 NaYF4:Yb,Er UCNPs 的制备 ................................................. 64 
3.2.3.2 反相微乳液法制备 UCNPs@SiO2 核壳复合纳米粒子的研究
.............................................................................................................. 64 
3.2.3.3 硅烷化氮氧自由基化合物的合成......................................... 66 
3.2.3.4 UCNPs&TEMPO@SiO2 多模式探针的制备 ......................... 66 
3.3 结果与讨论 .................................................................................................. 67 
3.3.1 UCNPs@SiO2 核壳复合纳米粒子的制备原理 ................................ 67 
3.3.2 反相微乳液法制备UCNPs@SiO2核壳复合纳米粒子的条件参数研
究.................................................................................................................. 68 
3.3.2.1 UCNPs 浓度对 UCNPs@SiO2 核壳复合纳米粒子合成的影响
.............................................................................................................. 68 
3.3.2.2 CO-520 对 UCNPs@SiO2 核壳复合纳米粒子合成的影响... 71 
3.3.2.3 NH3·H2O 对 UCNPs@SiO2 核壳复合纳米粒子合成的影响 71 
3.3.2.4 监控改变NH3·H2O对UCNPs@SiO2核壳复合纳米粒子形成
过程的影响（12 h，24 h，36 h，48 h）.......................................... 72 















3.3.3 UCNPs&TEMPO@SiO2 多模式探针的制备 .................................... 76 
3.3.3.1 硅烷化氮氧自由基化合物的表征......................................... 76 
3.3.3.2 UCNPs&TEMPO@SiO2 顺磁标记复合纳米粒子的表征 ..... 77 
3.3.3.3 UCNPs&TEMPO@SiO2 顺磁标记复合纳米粒子抗还原能力
的研究.................................................................................................. 81 
3.3.4 UCNPs&TEMPO@SiO2 顺磁标记复合纳米粒子的双模式成像 .... 82 
3.3.4.1 MRI 成像 ................................................................................. 82 
3.3.4.2 上转换荧光成像..................................................................... 83 
3.4 本章小结 ...................................................................................................... 85 
第四章 基于疏水自组装包覆 UCNPs 多模式探针的研究 ................. 86 
4.1 前言 .............................................................................................................. 86 
4.2 试剂、仪器、实验方法 .............................................................................. 88 
4.2.1 试剂.................................................................................................... 88 
4.2.2 仪器.................................................................................................... 89 
4.2.3 实验方法............................................................................................ 89 
4.2.3.1 NaYF4:Yb,Er UCNPs 的制备 ................................................. 89 
4.2.3.2 NaYF4:Yb,Er UCNPs@F127 的制备 ..................................... 89 
4.2.3.3 UCNPs&16-DSA@F127@SiO2 的制备 ................................. 89 
4.3 结果与讨论 .................................................................................................. 90 
4.3.1 NaYF4:Yb,Er UCNPs 的疏水自组装包覆 ........................................ 90 
4.3.2 UCNPs&16-DSA@F127 疏水自组装顺磁标记的研究 ................... 91 
4.3.2.1 NaYF4:Yb,Er UCNPs 与氮氧自由基分子间作用的研究 ..... 91 
4.3.2.2 UCNPs&16-DSA@F127 对还原性小分子（AA）的响应 .. 92 
4.3.3 UCNPs&16-DSA@F127@SiO2 多模式探针的研究 ........................ 97 
4.3.4 UCNPs&16-DSA@F127@SiO2 多模式探针的抗还原能力研究 .. 101 
4.4 本章小结 .................................................................................................... 102 
本论文涉及的缩略词 ............................................................................ 103 















参考文献 ................................................................................................ 108 
攻读硕士学位期间发表的论文 ............................................................ 118 













Table of Contents 
VI 
Table of Contents 
Abstract in Chinese ................................................................................ XI 
Abstract in English ............................................................................. XIII 
Chapter 1 Introduction ............................................................................. 1 
1.1 Upconversion luminescence of rare-earth ................................................... 1 
1.1.1 Brief introduction of upconversion nanoparticles ................................. 1 
1.1.2 Upconversion luminescence mechanism of rare-earth ions .................. 2 
1.1.2.1 Excited state absorption ............................................................. 2 
1.1.2.2 Energy transfer upconversion .................................................... 3 
1.1.2.3 Photon avalanche ....................................................................... 3 
1.1.3 Selection of dopant ions and host materials .......................................... 4 
1.2 Synthetic methods of UCNPs ........................................................................ 7 
1.2.1 Co-precipitation .................................................................................... 9 
1.2.2 Thermal decomposition ...................................................................... 10 
1.2.3 Hydro(solvo)thermal synthesis ........................................................... 12 
1.2.4 Sol-gel method .................................................................................... 13 
1.2.5 Combustion method ............................................................................ 14 
1.2.6 Ionic liqiud-based synthesis ................................................................ 14 
1.2.7 Microwave-assited synthesis .............................................................. 14 
1.3 Surface modification methods of UCNPs .................................................. 16 
1.3.1 Ligand exchange ................................................................................. 18 
1.3.2 Ligand oxidation ................................................................................. 19 
1.3.3 Polymer coating .................................................................................. 21 
1.3.4 Layer by layer assembly ..................................................................... 23 
1.3.5 Silica coating ....................................................................................... 23 
1.4 Applications of UCNPs ................................................................................ 26 













Table of Contents 
VII 
1.4.1.1 Detection of chemical ions....................................................... 27 
1.4.1.2 Detection of biomolecules ....................................................... 29 
1.4.1.3 Detection of gas molecules ...................................................... 31 
1.4.2 UCNPs for therapy .............................................................................. 32 
1.4.2.1 Photodynamic therapy ............................................................. 32 
1.4.2.2 Photothermal therapy ............................................................... 33 
1.4.2.3 Drug delivery ........................................................................... 34 
1.5 UCNPs and multi-modal imaging............................................................... 35 
1.5.1 UCL/MRI multi-modal imaging ......................................................... 37 
1.5.2 UCL/PET multi-modal imaging ......................................................... 39 
1.5.3 UCL/MRI/PET multi-modal imaging ................................................. 40 
1.5.4 Brief introduction of spin-labeled fluorescent probes ........................ 41 
1.5.4.1 Organic fluorophore-nitroxide compounds .............................. 43 
1.5.4.2 Lanthanide complex-nitroxide compounds.............................. 44 
1.5.4.3 Conjugated polymer-nitroxide compounds .............................. 44 
1.5.4.4 Fluorescent nanoparticle-nitroxide compounds ....................... 45 
1.6 Motivation of this dissertation .................................................................... 46 
Chapter 2 Synthesis of β-NaYF4:Yb,Er/Tm UCNPs ........................... 48 
2.1 Introduction .................................................................................................. 48 
2.2 Reagents,apparatus,methods ...................................................................... 48 
2.2.1 Reagents .............................................................................................. 48 
2.2.2 Apparatus ............................................................................................ 49 
2.2.3 Methods............................................................................................... 50 
2.2.3.1 Synthesis of β-NaYF4:Yb,Er UCNPs ...................................... 50 
2.2.3.2 Effect of OA and heating time on the synthesis of UCNPs ..... 51 
2.2.3.3 Synthesis of β-NaYF4:Yb,Tm UCNPs ..................................... 51 
2.3 Results and discussion ................................................................................. 51 
2.3.1 Solvothermal synthesis of UCNPs ...................................................... 51 













Table of Contents 
VIII 
2.3.2.1 Size morphology and crystalline phase.................................... 53 
2.3.2.2 Optical properties ..................................................................... 56 
2.3.2.3 FT-IR and TGA characterization .............................................. 59 
2.4 Conclusions ................................................................................................... 60 
Chapter 3 Silica-coated UCNPs as a multi-modal imaging probe ..... 61 
3.1 Introduction .................................................................................................. 61 
3.2 Reagents,apparatus,methods ...................................................................... 63 
3.2.1 Reagents .............................................................................................. 63 
3.2.2 Apparatus ............................................................................................ 64 
3.2.3 Methods............................................................................................... 64 
3.2.3.1 Synthesis of NaYF4:Yb,Er UCNPs .......................................... 64 
3.2.3.2 Study on the UCNPs@SiO2 core-shell nanocomposites 
synthesized by reverse microemulsion method ................................... 64 
3.2.3.3 Synthesis of silanizing nitroxide compound ............................ 66 
3.2.3.4 Synthesis of UCNPs&TEMPO@SiO2 multi-modal probe ...... 66 
3.3 Results and discussion ................................................................................. 67 
3.3.1 Synthesis of UCNPs@SiO2 core-shell nanocomposites ..................... 67 
3.3.2 Effect of reaction parameters on the synthesis of UCNPs@SiO2 ....... 68 
3.3.2.1 Effect of the concentration of UCNPs ..................................... 68 
3.3.2.2 Effect of surfactant CO-520 ..................................................... 71 
3.3.2.3 Effect of NH3·H2O ................................................................... 71 
3.3.2.4 Monitoring the formation process of UCNPs@SiO2 synthesized 
by different amounts of NH3·H2O (12 h, 24 h, 36 h, 48 h) .................. 72 
3.3.2.5 Effect of TEOS ......................................................................... 75 
3.3.3 Synthesis of UCNPs&TEMPO@SiO2 multi-modal probe ................. 76 
3.3.3.1 Characterization of silanzing nitroxide radical compound ...... 76 
3.3.3.2 Characterization of UCNPs&TEMPO@SiO2 spin-labeled 
nanocomposites .................................................................................... 77 













Table of Contents 
IX 
nanocomposites .................................................................................... 81 
3.3.4 UCNPs&TEMPO@SiO2 spin-labeled nanocomposites for 
multi-modal imaging .................................................................................... 82 
3.3.4.1 MRI .......................................................................................... 82 
3.3.4.2 Upconversion luminescence imaging ...................................... 83 
3.4 Conclusions ................................................................................................... 85 
Chapter 4 Spin-labeled UCNPs micelle as a multi-modal imaging 
probe ......................................................................................................... 86 
4.1 Introduction .................................................................................................. 86 
4.2 Reagents,apparatus,methods ...................................................................... 88 
4.2.1 Reagents .............................................................................................. 88 
4.2.2 Apparatus ............................................................................................ 89 
4.2.3 Methods............................................................................................... 89 
4.2.3.1 Synthesis of NaYF4:Yb,Er UCNPs .......................................... 89 
4.2.3.2 Synthesis of NaYF4:Yb,Er UCNPs@F127 .............................. 89 
4.2.3.3 Synthesis of UCNPs&16-DSA@F127@SiO2 ......................... 89 
4.3 Results and discussion ................................................................................. 90 
4.3.1 Hydrophobic self-assembled coating of NaYF4:Yb,Er UCNPs ......... 90 
4.3.2 Study on hydrophobic self-assembeled spin-labeled 
UNCPs&16-DSA@F127 ............................................................................. 91 
4.3.2.1 Intermolecular reaction between NaYF4:Yb,Er UNCPs and 
nitroxide radicals .................................................................................. 91 
4.3.2.2 Fluorescence response of UCNPs&16-DSA@F127 toward AA
.............................................................................................................. 92 
4.3.3 Study on UCNPs&16-DSA@F127@SiO2 multi-modal probe .......... 97 
4.3.4 Reduction resistant of UCNPs&16-DSA@F127 multi-modal probe
.................................................................................................................... 101 
4.4 Conclusions ................................................................................................. 102 













Table of Contents 
X 
Innnovation of the dissertation researches ......................................... 107 
References .............................................................................................. 108 
Publications ........................................................................................... 118 






























































亲性共聚物 F127 包覆 UCNPs 和顺磁标记物氮氧自由基构建顺磁标记荧光探针



















Degree papers are in the “Xiamen University Electronic Theses and Dissertations Database”. Full
texts are available in the following ways: 
1. If your library is a CALIS member libraries, please log on http://etd.calis.edu.cn/ and submit
requests online, or consult the interlibrary loan department in your library. 
2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn for delivery details.
厦
门
大
学
博
硕
士
论
文
摘
要
库
